[1] Iron (Fe) and coexisting Fe 3 S were studied simultaneously using synchrotron X-ray diffraction and a laser-heated diamond anvil cell (DAC). The thermal equation of state (EOS) of Fe 3 S was investigated up to pressures of 80 GPa and temperatures of 2500 K. Fitting a third-order Birch-Murnaghan EOS to the room temperature data yielded bulk modulus K 0 = 156(7) GPa (values in parentheses are standard deviation) and pressure derivative K 0 0 = 3.8(3) calibrated against NaCl in the B2 structure. The room temperature data were also calibrated against the EOS of hcp-Fe for comparison and aid in the determination of the thermal pressure contribution of Fe 3 S. This fit yielded bulk modulus K 0 = 113(9) GPa and pressure derivative K 0 0 = 5.2(6). The thermal pressure contribution of Fe 3 S was assumed to be of the form DP thermal = aK T DT, where aK T is constant. The best fit to the data yielded aK T = 0.011(2) GPa K
Introduction
[2] The properties of iron under high pressures and temperatures are of great importance to the geophysics of terrestrial planet interiors. It has been known for some time that Earth's core is composed mainly of iron (Fe) and a fraction of light elements [Birch, 1952] . Therefore, knowing the properties of iron compounds and alloys at core conditions enhances our understanding of Earth and planetary evolution. Sulfur is one of the light elements suspected to be important in Earth's core, because of its solar abundance and the ease with which it forms compounds with Fe. Other possibilities include O, C, Si, and H [Poirier, 1994] . The only direct samples we have of planetary cores, the iron meteorites, contain abundant evidence of sulfur, in the form of sulfide inclusions and/or trace element fractionations that reveal the presence of a cogenetic sulfide melt.
[3] At pressures above 21 GPa, Fe 3 S is the stable sulfide phase in the Fe-FeS system at compositions more iron rich then 16.1 wt % S; this phase was discovered and characterized by Fei et al. [2000] . The density relationship between Fe and Fe 3 S is of primary importance for estimating the amount of sulfur that can satisfy the observed density deficit in the outer core. The electronic environment surrounding sulfur in solid Fe 3 S is probably very similar to the electronic environment that would be encountered in the core fluid if sulfur is the dominant light element. The FeFeS system exhibits eutectic behavior to at least 25 GPa and the eutectic composition was found to be 14.7 wt % S at this pressure [Li et al., 2001] . If eutectic behavior persists to core pressures and the eutectic composition remains close to Fe 3 S, then the structure of solid Fe 3 S is likely to be close to the short-range order of the liquid core, justifying the comparison of solid Fe plus Fe 3 S to the liquid outer core. Cosmochemical and seismological constraints, combined with high-pressure experiments on iron sulfides, allow an evaluation of the sulfur content in Earth's core.
[4] It has also been recognized that as much as 14.2 wt % sulfur may be incorporated into the Martian core based on the compositions of the SNC meteorites (Shergottites, Nakhlites, Chassigny) [Dreibus and Wanke, 1987] . Extensive work has been performed on stoichiometric iron sulfide (troilite) at pressures relevant to the Martian core [Kavner et al., 2001; Urakawa et al., 2004] : However, the sulfur content of troilite (36.5 wt %) is significantly greater then that estimated to be in the Martian core and there are no indications of the Fe-Fe 3 S system exhibiting complete solid solution behavior in the pressure range 21-80 GPa. Fe 3 S has a sulfur content close to recent estimates of the Martian core based on numerical modeling [Zharkov and Gudkova, 2005] . The lack of seismic data from Mars makes it difficult to accurately model the interior structure. However, other constraints such as the moment of inertia and cosmochemical arguments do provide useful criteria to evaluate the sulfur content and size of the Martian core. The Martian core is likely in the liquid state based on its estimated composition, temperature and eutectic temperatures in the Fe-FeS system at high pressures [Fei and Bertka, 2005] .
[5] Fe 3 S undergoes a magnetic collapse at 21 GPa [Lin et al., 2004] . It was proposed by those authors that a volume change may be associated with this transition, but a volume collapse is not evident from previous work [Fei et al., 2000] . Diffraction data indicating that a structural transition is associated with the magnetic transition have been reported by Shen et al. [2003] ; in our data analysis we have assumed that no structural transition has taken place. An ab initio simulation of possible Fe 3 S polymorphs concluded that only the Fe 3 P-type polymorph was stable along the 0 K isotherm [Martin et al., 2004] .
[6] In the present study, the lattice parameters of Fe and coexisting Fe 3 S were measured simultaneously at high pressures and temperatures. The volume difference between the two phases was thereby measured to high precision, avoiding many of the uncertainties inherent in comparing equation of state data from separate studies. This approach, we argue, provides a more exact understanding of the density difference between iron and iron sulfide at high P, T conditions and permits an improved examination of the density deficit of the outer core.
Experimental Procedure
[7] Starting materials were mixtures of powdered Fe and iron sulfide (FeS), mechanically ground together for several hours. Two compositions were used in this study; the bulk composition of the sample mixture consisted of 5 or 15 wt % S. The sample material was sandwiched between 5 and 15 mm thick layers of sodium chloride (NaCl). The diamond culets had a diameter of 250 mm for most of the experiments; 400 mm culets were used for some of the data below 40 GPa. The gasket material was stainless steel or Inconel. The gaskets were preindented to 40 mm, and 100 mm holes were drilled in the gasket to serve as the sample chamber.
[8] Double-sided laser heating experiments were preformed at Sector 13 of the Advanced Photon Source at Argonne National Laboratory [Newville et al., 1999; . The samples were heated using Nd:YLF lasers, focused to a spot size of $30 mm [Shen et al., 2005] . Assuming uniform heating, temperatures were measured from the central $5 mm of the laser heated region using the spectroradiometric method with the gray body assumption [Heinz and Jeanloz, 1987] .
[9] Monochromatic synchrotron radiation (l = 0.3344 Å ) was used with angle dispersive detection. The X-ray beam was focused horizontally and vertically to a 5 Â 7 mm (FWHM) spot using Kirkpatrick-Baez mirrors. The area of the sample probed by X-ray diffraction was therefore much smaller than the laser heated spot, and similar to the area measured spectroradiometrically, minimizing errors associated with radial temperature gradients in the laser-heated cell. Coalignment of the X-ray beam and the laser-heating/ temperature measurement system was accomplished with the aid of X-ray induced fluorescence from the NaCl pressure medium, viewed through the temperature measurement portion of the optical system [Shen et al., 2005] . Diffraction patterns were collected on a MAR345 image plate detector. A CeO 2 standard was used to calibrate the sample-to-detector distance and the detector tilt. The diffraction image was converted to a linear diffraction pattern using FIT2D [Hammersley et al., 1996] , and peak positions were determined using the peak fitting program PeakFit (Jandel Scientific Software).
[10] After compression of each sample to high pressures, Fe 3 S was formed by reaction between Fe and FeS upon laser heating, with excess Fe remaining. Fe 3 S has tetragonal symmetry with space group I 4 and 8 formula units per unit cell [Fei et al., 2000; Martin et al., 2004] . The LevenbergMarquardt nonlinear fitting method was used to determine the unit cell parameters and the associated asymptotic standard error from indexed peaks. The most commonly used peaks entering the Fe 3 S regressions are shown in Table 1 along with their d spacings and corresponding lattice parameters determined from those peaks at a series of pressures.
[11] The pressures assigned to room temperature diffraction patterns were calculated using the EOS of NaCl in the B2 structure [Heinz and Jeanloz, 1984] . A Mie-Grüneisen thermal EOS of hcp-Fe, with explicit vibrational and electronic contributions to the specific heat, was used to calculate the pressure in high-temperature patterns. The full equation of state is of the form P = P isotherm + P thermal where P isotherm is given by the third-order Birch-Murnaghan EOS and P thermal = gr(E thermal À E 0 )
where g is the Grüneisen parameter, r is the specific mass, E is energy, q = À(@ ln g/@ ln r) is typically assumed to be constant, n is the number of atoms per formula unit, R is the gas constant, T is the temperature, b e is the coefficient of the electronic specific heat, g e is the electronic Grüneisen parameter, Q T is the Debye temperature, and the subscript 0 refers to ambient conditions. The first term in the expression for E thermal is the Debye model of vibrational energy, and the second term is the electronic contribution as calculated by Boness et al. [1986] . In this study, we used the room temperature compression of hcp-Fe given by Mao et al. [1990] , and a fit of the above equations to the data of Mao et al. [1990] and Brown et al. [2000] was used to constrain g 0 and q. The Debye temperature of hcp-Fe was estimated from the work of Mao et al. [2001] . Table 2 shows the parameters used for the thermal EOS of hcp-Fe.
Results
[12] Fe 3 S was synthesized and compressed from 22 to 80 GPa in a diamond anvil cell in a series of experiments. Figure 1 shows typical diffraction patterns collected in this study. The data used to determine the room temperature EOS of Fe 3 S were all collected after laser heating the sample; the thermal relaxation of the sample and insulator during this heating reduces pressure gradients and improves the accuracy of the results. All data except the first point were calibrated to sodium chloride in the B2 structure [Heinz and Jeanloz, 1984] . The pressure of the first data point was calculated with the EOS of sodium chloride in the B1 structure [Sato-Sorensen, 1983] . A third-order BirchMurnaghan EOS was determined using a linear least squares regression on a normalized pressure, F, versus Eulerian strain f [Birch, 1978] . The zero pressure volume of Fe 3 S found by Fei et al. [2000] , 377.0(2) Å 3 (values in parentheses are standard deviation), was used in the fitting procedure; the uncertainty on the ambient pressure volume of Fe 3 S was propagated through the fitting procedure. The best fit of the room temperature compression curve yielded bulk modulus K 0 = 156(7) GPa and pressure derivative K 0 0 = 3.8(3) calibrated to sodium chloride. The number(s) in parentheses refers to the uncertainty in the last digit(s), for example 3.8(3) is equivalent to 3.8 ± 0.3 and 14.7(11) is 14.7 ± 1.1. The bulk modulus falls within error of the value found by Fei et al. GPa, T = 2150 K; bottom pattern, after rapid quenching P = 74.9(7) GPa, l = 0.3344 Å . Stars, NaCl B2 reflections; crosses, hcp-Fe reflections; tick marks, all Fe 3 S reflections allowed by symmetry based on the lattice parameters a = 8.306(6) Å and c = 4.104(5) Å determined from the quenched pattern. The small peak at $11.5°in the hightemperature pattern remains unidentified.
[13] A room temperature EOS from our Fe 3 S data was also calibrated against hcp-Fe [ Mao et al., 1990] , for comparison to the NaCl-based EOS and also to aid in the estimation of the thermal contribution to the pressure of Fe 3 S. This fit yielded K 0 = 113(9) GPa and first pressure derivative K 0 0 = 5.2(6) for Fe 3 S; these parameters were used in the determination of the thermal EOS of Fe 3 S. The discrepancy of the fit parameters based on the hcp-Fe and NaCl B2 calibrations may indicate the need to reevaluate the EOS of hcp-Fe or NaCl B2. The use of the more recent NaCl B2 EOS [Sata et al., 2002] gives lower pressures for the same volume compared to the EOS of Heinz and Jeanloz [1984] and did not satisfactorily reproduce the Fe 3 S compression curve of Fei et al. [2000] . The complete data set of the volumes of Fe, Fe 3 S, and NaCl along with the calculated pressures and temperatures are tabulated in Table 3 .
[14] A structural transition associated with the magnetic transition has been reported in an abstract [Shen et al., 2003] , our analysis of the data has assumed that no structural transition has taken place. Since no volume collapse is observed over the magnetic transition [Fei et al., 2000, and The pressure calculated from the volume of NaCl is not reported in the high-temperature patterns because it was used as the insulating medium and did not experience the same temperature as the sample material. The volume of NaCl is the volume of the B2 phase unless otherwise noted. 
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there is currently no knowledge of the temperature dependence of the transition, we assume that any possible volume effects of crossing the transition at higher pressures and temperatures can be ignored. The observed magnetic collapse is consistent with a high spin to low spin transition caused by ligand interactions with the crystal field. Little is known about the structure of liquid Fe 3 S; however, if short-range order is preserved in the transition from solid to liquid Fe 3 S, then Fe 3 S will likely remain in the low spin state because the crystal field effect is dominated by nearest neighbors.
[15] The thermal EOS of hcp-Fe (Table 2 ) was used to determine the pressure of the Fe + Fe 3 S sample during laser heating. In the sample geometry used in these experiments, Fe and Fe 3 S were mechanically well mixed, so these 2 phases experienced the same P, T conditions. In contrast, NaCl was located adjacent to the anvils and acted as a thermal insulator, transparent to the heating laser; therefore it is not strictly appropriate to use NaCl as the high-T pressure standard. To establish a thermal EOS for Fe 3 S, the thermal contribution to the pressure for Fe 3 S was then calculated from P thermal (Fe 3 S) = P(Fe, high T) -P(Fe 3 S, room T), where P(Fe 3 S, room T) refers to the room temperature EOS of Fe 3 S calibrated against hcp-Fe.
[16] All but two of the data points used in these calculations had measured axial temperature gradients less than 100 K; the others were less then 140 K. The calculated thermal pressure is plotted against DT(= T À 300 K) (Figure 3) . The thermal contribution to the pressure of the sample was assumed to be of the form: DP thermal = aK T DT where aK T = constant [Anderson, 1984] . More complicated expressions of the thermal pressure were found to be not justified by the data. The best fit to our high-P, T data for Fe 3 S yielded aK T = 0.011(2) GPa K À1 .
Discussion
[17] Previous studies on the effect of sulfur in the Martian core have based their results on the assumption that the density of an intermediate Fe-S composition could be calculated using a linear combination of the density of fcc-Fe and FeS at a given pressure [Kavner et al., 2001; Urakawa et al., 2004] . In order to evaluate the reliability of this assumption we calculate the density of an Fe-14 wt % S liquid at 31 GPa and $1600 K neglecting any volume change on melting. Under these conditions the density of an Fe-14 wt % S liquid is 8.30(1) g cm
À3
; we have taken the density of the liquid to be a linear combination of the measured densities of hcp-Fe and Fe 3 S at 31(4) GPa and $1600 K. The density of Fe-14 wt % S calculated from a linear combination of the density of FeS (6.398 g cm À3 ) determined from the EOS data from Urakawa et al. [2004] , and the density of fcc-Fe (8.394 g cm À3 ) [Funamori et al., 1996] under similar conditions, is $8.21 g cm À3 , very comparable to the density calculated using a linear combination of hcp-Fe and Fe 3 S densities. The slight difference may be a result of the density difference between fcc-Fe and hcp-Fe. The true density of liquid Fe-S would provide a more exact treatment for Martian core calculations; however, because these data are not currently available, it is useful to know that consistent results can be obtained by using a linear combination of the density of Fe and the density of either Fe 3 S or FeS.
[18] The nature of the experiments carried out in this study allows a direct comparison of the specific volume of Fe and Fe 3 S at simultaneous high pressure and temperature. The comparative density of Fe and Fe 3 S follows a linear relationship at all pressures and temperatures included in this study (Figure 4) . The relationship is shown with Figure 4 . Note that this correlation between r(Fe) and r(Fe 3 S) is independent of the pressure calibration. We believe the linear relationship is a coincidental balance of the thermoelastic properties of iron and Fe 3 S. The extrapolated ambient pressure density of hcp-Fe at 300 K is 8.30 g cm À3 [Mao et al., 1990] . Plugging this value into the linear density relationship predicts the density of Fe 3 S as ambient con- ditions to be 7.09(7) g cm À3 ; the measured density of Fe 3 S at ambient conditions, 7.033 g cm À3 [Fei et al., 2000] , falls within the uncertainty of the predicted density, suggesting extrapolations to higher pressures are not presumptuous. A relationship such as this is of great value because the precise EOS parameters must only be known for one of the phases in order to determine the density of the other at some P, T conditions. Figure 5 illustrates the ratio of molar volumes between Fe and Fe 3 S as density is increased. Figure 5 highlights the similarity in mean atomic volume between the two phases, especially at high compression. At low compression, sulfur has the effect of increasing the average distance between atoms relative to pure iron, but at higher compression it may actually decrease the average volume per atom. Data at higher pressure are needed to conclude if this ratio continues to decrease with pressure or asymptotes to a constant. Above 50 GPa the density difference between the two phases can be attributed principally to the lower atomic mass of S, while at lower pressures the difference is also due to the increased volume per atom relative to Fe. This is particularly useful because if we wish to calculate the density of an Fe-S melt, it may be assumed that the average volume per atom does not change with composition at a given pressure.
[19] At 25 GPa, Li et al. [2001] found limited solid solution behavior in the Fe-Fe 3 S system with a maximum sulfur solubility of 0.8 wt % S. In this analysis, we have assumed that if there is solubility at higher pressures it does not significantly affect the density of Fe. This assumption is justified by the results, which show very little difference in mean atomic volume between hcp-Fe and Fe 3 S ( Figure 5 ).
[20] At the highest pressures to which Fe-S phase relations have been studied experimentally in detail [Li et al., 2001] , the stable sulfide on the Fe-rich side of the phase diagram is Fe 3 S; therefore the density of this phase is the best proxy one can use to evaluate the effect of sulfur substitution for Fe at the conditions of the Earth's core assuming the average volume per atom is independent of possible solid solution behavior. An estimate of the amount of sulfur required in Earth's outer core to resolve the density deficit can be made if we assume a temperature for the CMB and estimate the volume change associated with melting Fe and Fe 3 S. We assume the temperature at the outermost core to lie between 2500 and 4500 K as reasonable values [Boehler, 1993; Williams et al., 1987] , and use the thermal EOS of hcp-Fe presented earlier to calculate the density of iron under these conditions. The linear density relationship described above can then be employed to calculate the density of Fe 3 S at CMB conditions. For example, solving the thermal EOS of hcp-Fe at 135.8 GPa and 3500 K gives the density of iron as 11.07 g cm
.
Applying the linear density relationship described above gives the density of Fe 3 S as 10.07(7) g cm À3 under these conditions; the uncertainty reported here is taken as the root mean square of the linear fit.
[21] The S content of Fe 3 S (16.1 wt %) is of the same order as the maximum S content permissible in the Earth's core [Li and Fei, 2003 ]. Therefore we assume that the electronic environment surrounding S in Fe 3 S is comparable to that of an Fe-S liquid of similar composition, to justify the comparison of outer core densities with a mixture of Fe 3 S and hcp-Fe densities. Adjusting the volume of the mixture by 1 -3% for the effect of melting [Anderson and Isaak, 2000; Laio et al., 2000] gives the density of the ironiron sulfide melt. Comparing these densities to the Preliminary Earth Reference Model (PREM) (r(CMB) = 9.90 g cm
), an estimation of the amount of sulfur needed to resolve the density deficit can be made [Poirier, 1994] . The result of this procedure is shown in Figure 6 . The outcome of these calculations show that the S content that is compatible with PREM densities is a strong function of the assumed temperature of the outermost core, varying Figure 5 . Volume per atom of Fe 3 S:Fe. Open diamonds, data at high temperature; solid circles, data at room temperature. Sulfur has the effect of decreasing the average volume per atom relative to pure iron above $50 GPa. Figure 6 . Weight percent sulfur required to resolve the density deficit of the outer core as a function of the temperature at the core mantle boundary. Solid line, DV = 1%; dashed line, DV = 2%; dotted line, DV = 3%. The relative uncertainty for a given point is $7.5% relative, based solely on the uncertainty of the density of Fe 3 S. See the text for procedure of determining these curves. from 17.5(13) wt % S at 2500 K to 10.3(8) wt % S at 4500 K for a fixed DV melting of 2%. The uncertainty on the wt % S is based solely on the root mean square of the linear density relation fit and was calculated using standard error propagation techniques. The addition of 6.4 wt % Ni to the core [McDonough, 2003] increases the wt % S adequate to resolve the density deficit by 0.55% at 2500 K and 0.48% at 4500 K for a fixed DV melting of 2%. This correction for the presence of Ni falls within the uncertainty of the calculations and is not included in Figure 6 .
[22] We note that the sulfur content inferred for the outer core in this way is very sensitive to the equation of state adopted for hcp-Fe and uncertainty in the hcp-Fe equation of state is not reflected in our estimates of the S content of the outer core. Continued refinement of this EOS, using an array of developing technologies to improve its accuracy and precision, will be of great benefit. It should also be noted that there is no reason to suspect that there is only one light element present in Earth's core. The addition of other elements is expected to change the density relationship at high pressure. Finally, little is known about the melting behavior of Fe 3 S at high pressure, particularly with regard to its DV.
[23] The strategy employed in this study, that of simultaneously measuring the specific volume of iron and a candidate light element containing iron phase at high pressures and temperatures, provides a useful means for gauging the abundance of a particular light element that is required to satisfy the outer core density deficit assuming that there is no or limited solubility of the light element in iron. This method can be extended to ternary and quaternary systems which, combined with sound velocity measurements, may further constrain the composition of Earth's core.
